Electron density distributions of PbTiO 3 , BaTiO 3 and SrTiO 3 were determined by synchrotron x-ray 13 powder diffraction up to 55 GPa at 300 K and ab initio quantum chemical molecular orbital ( The hybridization decreases with pressure and disappears in the cubic paraelectric phase, which has 24 a much more localized electron density distribution. 25 26 *Takamitsu Yamanaka
Introduction 31
The prototype perovskite ferroelectrics PbTiO 3 (PTO) and BaTiO 3 (BTO) have been studied by 32 both scientific and industrial communities because of their importance in modern ultrasonic and 33 related devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The behavior of these materials raises fundamental questions in solid state 34 physics. In particular, they serve as textbook examples of pressure-or temperature-induced soft 35 phonon-driven structural transitions. In addition, because of the simplicity of their structures, they 36 also serve as ideal tests for theory and first-principles calculations. Theoretical work has shown that 37 the hybridization between the Ti 3d states and O 2p states is essential to the ferroelectric properties 38 in both PTO and BTO [1] , and that orbital hybridization exists between the Pb 6s state and O 2p 39 states and plays a crucial role in the larger ferroelectricity observed in tetragonal PTO [11] , whereas 40 the interaction between Ba and O is almost ionic in tetragonal BTO [11] [12]. One of the 41 challenging tasks in this area of research is experimentally accessing the bonding electron 42 distributions associated with the orbital hybridization in these materials. 43
First principles calculations proposed the transition from ferroelectric to antiferro-distortion in 44
the tetrahedral phase [3] [4] [5] . Ab initio molecular orbital calculations [6] [7] were undertaken to 45 elucidate the electronic structure and dynamical structure change. The elastic properties of SrTiO 3 46 (STO) in the cubic, tetragonal and orthorhombic phases were also carried out using the ab initio 47 pseudo-potential method [8] and reported a cubic (Pm 3m)-tetragonal (I4/mcm) transition at 6 GPa, 48 a tetragonal-orthorhombic (Cmcm) at 14 GPa and an orthorhombic to monoclinic (P2 1 /m) transition 49 at 24 GPa. Here we examine experimentally the pressure dependence of the electron density (ED 50 distribution in PTO and BTO using a combination of single crystal diffraction and maximum 51 entropy method (MEM) calculation [13] [14] . The present measurements and analysis reveal the 52 pressure-induced changes in the d-p-π hybridization originally predicted for these materials. 53
54

Experimental 55
Single crystal diffraction measurements up to 12 GPa were performed using diamond anvil 56 cells (DACs) and synchrotron single crystal x-ray diffraction facility at beam line BL-10A of the 57 Photon Factory (KEK, Tsukuba, Japan) with a wavelength of λ=0.61907 Å (20.0137 keV). 58
Intensity measurements were carried out with a four-circle diffractometer using a fixed φ-rotation 59 square refinement is represented by R ( = wΣ||Fobs| 2 -|Fcal| 2 |/Σ|Fobs| 2 ). The factors of all present 89 experiments were converged within R=0.05. Since ferroelectric phases have a non-centrosymmetric 90 structure, the origin of the structure of PTO and BTO was fixed at Pb(0 0 0 ) and Ba(0 0 0), 91 respectively. The results of least-squares refinements for PTO and BTO are presented in Tables 1  92   and 2, 
Maximum Entropy Method (MEM) Analysis 105
Highly resolved distributions and atomic positional displacements are essential for 106 understanding the electric polarization in ferroelectric materials. The Fourier series of the structure 107 factors provides the ED distribution ρ(xyz) in the real space:
109
The difference Fourier synthesis {IFobs(hkl) I -IFcal(hkl) I} is applied in order to disclose the 110 deformation of the ED distribution. The residual ED Δρ(xyz) expresses the nonspherical 111 deformation of the electron density, and is necessary, because the applied atomic scattering factor f s 112 is composed of the basically spherical distribution with sinθ/λ.
(2) 114
The radial distribution of the ED distribution confirms the localization of electrons around atomic 115 positions, which provides the dipole moment in a classical sense. 116
The Fourier synthesis inevitably has a termination effect as a result of the limitations on the 117 number of measured reflections. However, the difference Fourier synthesis can remove the 118 termination effect in the observed ED distribution. The deformation electron density is obtained 119 from the difference Fourier synthesis |F obs (h)| -|F cal (h)| within the reciprocal space defined by 120 sinθ/λ<1.22 at ambient pressure. However, the opening angle of the DAC restricts observed 121 diffraction to small Q-values. F obs (hkl) in this limited reciprocal space cannot provide a precise 122 residual electron density from the structure refinement by standard least-squares methods. 123 MEM statistically estimates the most reliable ED distribution from a finite set of observed 124 structure factors, so the termination effect found in the Fourier synthesis is ignored. The method 125 originated with Jaynes [20] and was subsequently applied to crystallographic problems from the 126 standpoint of with several experiments and theories [21] [22] [23] [24] [25] [26] . The calculation method is described in 127 supplement [17] . A detailed discussion and procedure for using the single crystal diffraction 128 intensity data under high pressure in a MEM analysis were also described in our two earlier papers 129
The data used in the MEM calculation are the F obs (h). In a single crystal diffraction study these 131 data are directly measured individually for all reflections. Consequently, the single crystal 132 diffraction intensity measurement can provide a much more precise ED distribution than the MEM 133 analyses using powder diffraction intensities, because the former has no ambiguity in the 134 deconvolution of the overlapping intensities often found in the powder diffraction pattern, along 135 with a much larger number of observed F obs (h). 136
The difference MEM calculation using |F MEM (h)| -|F cal (h) |results in a more precise 137 deformation electron density than does the difference Fourier synthesis. The residual ED 138 distribution can be derived from the aspherical ED distribution such as may be produced by The deformation electron density is observed in the tetragonal site symmetries, 143 even though no initial structure model is applied in the MEM calculation. Although the 144 diffraction angle of the DAC is limited to 80˚ in 2θ, the MEM guarantees a sufficiently reliable 145 electron density around the atomic positions. 146
Because the MEM approach is statistical, it provides probability distributions that show the two 147 possible positions for Ti atoms. The generated electron density map is asymmetric features around 148 these two positions of Ti and oxygen atoms of PTO and BTO. The split atoms are observed only in 149 the direction of <001>. However, they are not found in any direction perpendicular to <001>, 150 as presented in BTO (Fig. 2) . The split atoms are generated by long range ordered atomic 151 displacements. Localization of bonding electrons, lone-pair electrons and aspherical distribution of 152 d electrons are considered. In the previous paper [10] , the split atoms of Ti and O are proved in the 153
Fourier synthesis for tetragonal PTO. The present experiment reveals the splitting of these 154 particular atoms decreases with increasing pressure. 155
The MEM ED distribution between Ti and O on (010) plane of tetragonal phase is 156 schematically presented with the split atoms in Fig. 3 . The ED maps of PTO (Fig. 4) and BTO ( 
The valence scattering of the perturbed atom at s/2 (= sinθ/2λ) is given by 202 f M-core (κ j ,s/2) = f j , M-core(free atom) (sinθ/λ⋅1/κ j ).
(
4) 203
The κ-parameter was determined by the minimization of least-squares refinement using 204 diffraction intensities of all reflections within 2θ <120°at ambient conditions. The least-squares 205 calculation starts from the neutral scattering factor (κ=0.0) to determine the κ-parameter.
206
In the case of κ =1, the atomic-scattering factor is the radial distribution of neutral balance, 207 which is the same as the factors found in the International Table for The effective charge q of atom j is the equivalent valence-shell population P j , which is derived 212 from the κ-refinement. More reflections used in the least-squares calculation gives a better reliable κ-parameter.
218
Because of the limited number of reflections accessible experimentally as a result of the limited 219 opening angle of the DAC, the κ-parameter was not precisely able to resolve effective charges at 220 high pressure. 221
The sum rule ∑ i q i = 0 is fulfilled to within the error of 0.01 for both materials. The values are 222 very similar to the Mulliken charges determined by ab initio calculations using Hartree-Fock (HF) 223 and density functional theory [30] , and suggest that BTO is slightly more ionic than PTO. Mulliken diffuse-scattering in the their cubic phases 3 ; they also observed drastic changes in the diffuse 247 scattering accompanying the relevant structural transitions with temperature. The eight-site model 248 was proposed and used to explain observed streak-type diffuse-scattering 3 . According to this model, 249 the Ti cation in BTO can occupy eight sites in its cubic phase at high temperature. With decreasing 250 temperature BTO undergoes a paraelectric to ferroelectric transition. In our case, we focused on the 251 intensity profile of each Bragg peak within the accessible reciprocal lattice space. We did not scan 252 the space between Bragg peaks, thus we would not observe the streak-type diffuse scattering in our 253
measurements. 254
According to the modern definition of polarization, spontaneous polarization arises from the 255 flow of polarization currents in solids, which corresponds to the Berry phase of electronic wave 256 functions, and can be interpreted as a displacement of the center charge of the Wannier functions 257 (see example Refs. [35] [36]). The spontaneous polarization cannot be calculated directly from 258 diffraction measurements, because information about the electronic wave functions is required. We 259 obtained statistical average of space and time of atomic vibrations and displacements and from this 260 calculate the effective charge (q) and polarized deviation (Δr) of bond distances. Effective charges 261 of atoms were obtained from the least-squares calculation based on the shell model. 262
In general, heavy atoms such as Pb and Ba in oxides show a small temperature factor in 263 comparison with oxygen atom. In this study, however, we observed the time and space average of 264 dynamical phenomena due to atom disorder or micro domain disorder of PTO and BTO bulk 265 structure. We found a large ED deformation around Pb atom found along particular directions in 266 the MEM maps. The displacement of Pb atoms is more noticeable than those of Ti and O atoms, 267 but these deformations disappear at higher pressures, where the ferroelectric structure transforms to 268 paraelectric. The transformation probably turns out, because the domain disorder or atomic 269 displacement is homogenized or disappear above 11.9 GPa for PTO and 2 GPa for BTO. Figure A indicates the π-bond in the single domain. Figure  336 B shows the individual π-band in the split atom model. Figure C represents the apparent π-bond 337 in the statistically distributed domains, which proved in the observed MEM map shown in Fig. 4 . 338
The upper C and lower C maps present the electron density under low pressure and high pressure. 339 The numbers in parentheses denote errors of the last decimal.
360
Atomic coordinate of Pb in the tetragonal phase is fixed to (0 0 0), because it is a noncentric 361 structure. The position is placed for the origin of the structure of PTO . 362 R(%) indicates the reliable factor ( R= Σ||Fobs| 2 -|Fcal| 2 |/Σ|Fobs| 2 ). 363 B iso (Å) is an isotropic temperature factor of atom 364 365 
